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Providing an electromagnetic signal
measuring device comprising a carbon
nanotube structure, the carbon

nanotube structure comprising a
plurality of carbon nanotubes

Receiving an electromagnetic signal
by the carbon nanotube structure 1in
the electromagnetic signal measuring

device

Measuring the intensity of the
electromagnetic signal according to
the sound produced by the carbon
nanotube structure
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METHOD AND DEVICE FOR MEASURING
ELECTROMAGNETIC SIGNAL

RELATED APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion entitled, “METHOD AND DEVICE FOR MEASUR-

ING ELECTROMAGNETIC SIGNAL”, filed Ser. No.
12/459,546, and related to copending applications entitled,
“ACOUSTIC SYSTEM”, filed Ser. No. 12/459,563;
“ACOUSTIC DEVICE”, filed Ser. No. 12/459,564;
“ACOUSTIC DEVICE”, filed Ser. No. 12/459,543; and
“ACOUSTIC DEVICE”, filed Ser. No. 12/459,493;
“ACOUSTIC DEVICE”, filed Ser. No. 12/455,606.

BACKGROUND

1. Technical Field

The present disclosure relates to methods and devices for
measuring electromagnetic signals and, particularly, to a car-
bon nanotube based method and device for measuring certain
properties ol an electromagnetic signal.

2. Description of Related Art

Polarizing direction and intensity are two important prop-
erties of an electromagnetic signal. A related art method for
measuring the polarizing direction of a visible light includes
steps of: disposing a polarizer and a target 1n the path of the
visible light, and rotating the polarizer. The polarized visible
light goes through the polarizer and irradiates the target.
During rotation of the polarizer, the light on the target
changes periodically from the dark to the bright. When the
light on the target 1s darkest, the polarizing direction of the
visible light 1s perpendicular to the polarizing direction of the
polarizer. When the light on the target 1s brightest, the polar-
1zing direction of the visible light 1s parallel to the polarizing
direction of the polarizer. Thus, one can tell the polarizing
direction of the visible light by observing the light on the
target. Similar, one can qualitatively tell the intensity of the
visible light by observing the brightness or darkness of the
visible light.

However, the above observing methods for determining the
intensity and polarizing direction are not suitable for invisible
light such as infrared, ultraviolet, and other electromagnetic
signals. In general, to measure the intensity and polarizing
direction of mvisible light, a photoelectric sensor 1s disposed
at the target position. Thus, the invisible light 1s transformed
to electric signals, and the electric signals can be measured.

However, the method for measuring the mvisible light 1s
complicated and requires a lot of optical and electrical
devices. Besides, the conventional polarizers can only
achieve good polarization 1n a certain regions of the electro-
magnetic spectra, (e.g. microwave, infrared, visible light,
ultraviolet, etc.), but can’t have a uniform polarization prop-
erty over the entire spectrum. Thus, when the wavelength of
the light changes, the polarizer has to be changed accordingly.

The photoacoustic effect 1s a kind of the thermoacoustic
elfect and a conversion between light and acoustic signals due
to absorption and localized thermal excitation. When rapid
pulses of light are incident on a sample of matter, the light can
be absorbed and the resulting energy will then be radiated as
heat. This heat causes detectable sound signals due to pres-
sure variations 1n the surrounding (1.¢., environmental)
medium. The photoacoustic effect was first discovered by
Alexander Graham Bell (Bell, A. G: “Selenium and the Pho-
tophone” 1n Nature, September 1880).

At present, photoacoustic effect 1s widely used 1n the field
of material analysis. For example, photoacoustic spectrom-
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eters and photoacoustic microscopes based on the photoacous-
tic effect are widely used 1n the field of material analysis. A

known photoacoustic spectrum device generally includes a
light source such as a laser, a sealed sample room, and a signal
detector such as a microphone. A sample such as a gas, liquid,
or solid 1s disposed 1n the sealed sample room. The laser 1s
irradiated on the sample. The sample emits sound signals due
to the photoacoustic effect. Generally, different materials
have different maximum absorption at different laser fre-
quencies. The microphone detects the frequency of the laser
light where the sample has the maximum absorption. How-
ever, most of the sound signals are not strong enough to be
heard by human ear but detected by complicated sensor, and
the frequency of the sound signals can even be 1n the region
above megahertz (MHz).

Carbon nanotubes (CNT) are a novel carbonaceous mate-
rial having extremely small size and extremely large specific
surface area. Carbon nanotubes have received a great deal of
interest since the early 1990s, and have interesting and poten-
tially useful electrical and mechanical properties, and have
been widely used 1n a plurality of fields.

What 1s needed, theretore, 1s to provide a simpler method
and device for measuring intensity and polarizing direction of
an electromagnetic signal.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the present method and device for mea-
suring intensity and polarizing direction of an electromag-
netic signal can be better understood with reference to the
following drawings. The components in the drawings are not
necessarily to scale, the emphasis mstead being placed upon
clearly 1illustrating the principles of the present method and
device for measuring intensity and polarizing direction of an
clectromagnetic signal.

FIG. 1 1s a flow chart of a method for measuring intensity
and polarizing direction of an electromagnetic signal 1n
accordance with a first embodiment.

FIG. 2 1s a schematic view of the method for measuring the
intensity and polarizing direction of the electromagnetic sig-
nal of FIG. 1.

FIG. 3 shows a Scanning FElectron Microscope (SEM)
image of a drawn carbon nanotube film.

FIG. 4 1s a structural schematic view of a carbon nanotube
segment.

FIG. 5 shows an SEM 1mage of a carbon nanotube segment
f1lm.

FIG. 6 shows a photo of a top view of two strip-shaped
carbon nanotube arrays formed on a substrate.

FIG. 7 1s an SEM 1mage of a non-twisted carbon nanotube
wire.

FIG. 8 1s an SEM 1mage of a twisted carbon nanotube wire.

FIG. 9 1s a schematic view of a frame-shaped supporting
member with a drawn carbon nanotube film thereon.

FIG. 10 1s a schematic view of a device for measuring the
intensity and polarizing direction of the electromagnetic sig-
nal 1n accordance with an embodiment.

FIG. 11 1s a sound pressure curve of a sound produced by
an embodiment.

FIG. 12 1s a diagram showing a relationship between the
polarizing direction of the electromagnetic signal and the
sound pressure.

FIG. 13 1s a diagram showing a relationship between the
intensity of the electromagnetic signal and the sound pres-
sure.

Corresponding reference characters indicate correspond-
ing parts throughout the several views. The exemplifications
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set out herein 1llustrate at least one embodiment of the present
method and device for measuring intensity and polarizing,

direction of an electromagnetic signal 1 at least one form,
and such exemplifications are not to be construed as limiting
the scope of the invention 1n any manner.

DETAILED DESCRIPTION

Reference will now be made to the drawings to describe, in
detail, embodiments of the present method and device for
measuring intensity and polarizing direction of an electro-
magnetic signal.

Referring to FIGS. 1 and 2, the method for measuring
intensity and polarizing direction of an electromagnetic sig-
nal includes steps of:

(a) providing an electromagnetic signal measuring device
120, the electromagnetic signal measuring device 120 includ-
ing a supporting element 116 and a carbon nanotube structure
114 secured to supporting element 116, the carbon nanotube
structure 114 including a plurality of carbon nanotubes par-
allel to a surface thereof and aligned approximately along a
same direction;

(b) recerving an electromagnetic signal 118 emitted from
an electromagnetic signal source 112; and

(d) measuring the intensity of the electromagnetic signal
118 according the sound produced by the carbon nanotube
structure 114.

In step (a), the carbon nanotube structure 114 1s an acoustic
clement that capable of emitting sound waves by absorbing
clectromagnetic signal 118. The carbon nanotube structure
114 includes a plurality of carbon nanotubes and has a large
specific surface area (e.g., above 50 m?/g). The heat capacity
per unit area of the carbon nanotube structure 114 can be less
than 2x10~* J/cm>-K. In one embodiment, the heat capacity
per unit area of the carbon nanotube structure 114 1s less than
1.7x107° J/cm*>K. The carbon nanotube structure 114 can
include carbon nanotubes uniformly distributed therein, and
the carbon nanotubes therein can be combined by van der
Waals attractive force therebetween. The carbon nanotubes 1n
the carbon nanotube structure 114 can be selected from a
group consisting of single-walled, double-walled, and/or
multi-walled carbon nanotubes.

The carbon nanotube structure 114 can be a substantially
pure structure consisting mostly of carbon nanotubes. In
another embodiment, the carbon nanotube structure 114 can
also include other components. For example, metal layers can
be deposited on surfaces of the carbon nanotubes. However,
whatever the detailed structure of the carbon nanotube struc-
ture 114, the heat capacity per unit area of the carbon nano-
tube structure 114 should be relatively low, such as less than
2x10 J/cm™K, and the specific surface area of the carbon
nanotube structure 114 should be relatively high.

The carbon nanotube structure 114 may have a substan-
tially planar structure. The thickness of the carbon nanotube
structure 114 may range from about 0.5 nanometers to about
1 millimeter. The carbon nanotube structure 114 can also be a
wire with a diameter ranged from about 0.5 nanometers to
about 1 millimeter. In one embodiment, the carbon nanotubes
in the carbon nanotube structure 114 are parallel to a surface
thereol and aligned approximately along a same direction.

In one embodiment, the carbon nanotube structure 114
includes at least one drawn carbon nanotube film. Examples
of a drawn carbon nanotube film are taught by U.S. Pat. No.
7,045,108 to Jiang et al., and WO 2007015710 to Zhang et al.
The drawn carbon nanotube film includes a plurality of suc-
cessive and oriented carbon nanotubes joined end-to-end by
van der Waals attractive force therebetween. The carbon
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nanotubes 1n the drawn carbon nanotube film can be substan-
tially aligned 1n a single direction and parallel to the surface of
the drawn carbon nanotube film. The drawn carbon nanotube
f1lm 1s a free-standing film. The drawn carbon nanotube film
can be formed by drawing a film from a carbon nanotube
array that is capable of having a film drawn therefrom. Refer-
ring to FIGS. 3 to 4, each drawn carbon nanotube film
includes a plurality of successively oriented carbon nanotube
segments 143 joined end-to-end by van der Waals attractive
force therebetween. Each carbon nanotube segment 143
includes a plurality of carbon nanotubes 143 parallel to each
other, and combined by van der Waals attractive force ther-
ebetween. As can be seen 1n FIG. 3, some variations can occur
in the drawn carbon nanotube film. This 1s true of all carbon
nanotube films. The carbon nanotubes 145 1n the drawn car-
bon nanotube film 143 are oriented along a preferred orien-
tation. The drawn carbon nanotube film also can be treated
with an organic solvent. After that, the mechanical strength
and toughness of the treated carbon nanotube film are
increased and the coelflicient of friction of the treated carbon
nanotube films 1s reduced. The treated carbon nanotube film
has a larger heat capacity per unit area and thus produces less
of a thermoacoustic effect than the same film before treat-
ment. A thickness of the drawn carbon nanotube film can
range from about 0.5 nanometers to about 100 micrometers.
The thickness of the drawn carbon nanotube film can be very
thin and thus, the heat capacity per unit area will also be very
low. The single drawn carbon nanotube film has a specific
surface area of above about 100 m*/g.

A method for making the drawn carbon nanotube film
includes the following steps: (all) providing a carbon nano-
tube array; and (al2) pulling/drawing out a drawn carbon
nanotube film from the carbon nanotube array by using a tool
(e.g., adhesive tape, pliers, tweezers, or another tool allowing
multiple carbon nanotubes to be gripped and pulled simulta-
neously).

In step (al10), a given carbon nanotube array can be
formed by the following substeps: (alll) providing a sub-
stantially flat and smooth substrate; (a112) forming a catalyst
layer on the substrate; (a113) annealing the substrate with the
catalyst layer 1n air at a temperature approximately ranging
from 700° C. to 900° C. for about 30 to 90 minutes; (al14)
heating the substrate with the catalyst layer to a temperature
approximately ranging from 500° C. to 740° C. 1n a furnace
with a protective gas therein; and (al13) supplying a carbon
source gas to the furnace for about 5 to 30 minutes and
growing the carbon nanotube array on the substrate.

In step (all1l), the substrate can be a P-type silicon wafer,
an N-type silicon wafer, or a silicon waler with a film of
s1licon dioxide thereon. In the present embodiment, a 4-inch
P-type silicon water 1s used as the substrate. In step (al112),
the catalyst can be made of 1iron (Fe), cobalt (Co), nickel (N1),
or any alloy thereof. In step (al14), the protective gas can be
made up ot atleast one of nitrogen (N, ), ammonia (NH, ), and
a noble gas. In step (allS), the carbon source gas can be a
hydrocarbon gas, such as ethylene (C,H,), methane (CH,),
acetylene (C,H,), ethane (C,H,), or any combination thereof.

The carbon nanotube array can be approximately 30
microns to 5 millimeters 1 height and include a plurality of
carbon nanotubes parallel to each other and approximately
perpendicular to the substrate. The carbon nanotube array
formed under the above conditions 1s essentially free of impu-
rities such as carbonaceous or residual catalyst particles. The
carbon nanotubes in the carbon nanotube array are closely
packed together by van der Waals attractive force.

In step (al2), the drawn carbon nanotube film includes a
plurality of carbon nanotubes, and there are interspaces
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between adjacent two carbon nanotubes. Carbon nanotubes
in the drawn carbon nanotube film can parallel to a surface of
the carbon nanotube film. A distance between adjacent two
carbon nanotubes can be larger than a diameter of the carbon
nanotubes. The drawn carbon nanotube film can be pulled/
drawn by the following substeps: (al21) selecting a plurality
of carbon nanotube segments having a predetermined width
from the carbon nanotube array; and (a122) pulling the car-
bon nanotube segments at an even/uniform speed to achieve a
uniform drawn carbon nanotube film.

In step (al21), the carbon nanotube segments having a
predetermined width can be selected by using an adhesive
tape such as the tool to contact the carbon nanotube array.
Each carbon nanotube segment includes a plurality of carbon
nanotubes parallel to each other. In step (al22), the pulling
direction 1s arbitrary (e.g., substantially perpendicular to the
growing direction of the carbon nanotube array).

More specifically, during the pulling process, as the nitial
carbon nanotube segments are drawn out, other carbon nano-
tube segments are also drawn out end-to-end due to the van
der Waals attractive force between ends of adjacent segments.
This process of drawing ensures that a continuous, uniform
drawn carbon nanotube film having a predetermined width
can be formed. Referring to FIG. 4, the drawn carbon nano-
tube film includes a plurality of carbon nanotubes joined
end-to-end. The carbon nanotubes 1n the drawn carbon nano-
tube film are all substantially parallel to the pulling/drawing,
direction of the drawn carbon nanotube film, and the drawn
carbon nanotube film produced 1n such manner can be selec-
tively formed to have a predetermined width. The width of the
drawn carbon nanotube {ilm depends on a size of the carbon
nanotube array. The length of the drawn carbon nanotube film
can be arbitrarily set as desired and can be above 100 meters.
When the substrate 1s a 4-inch P-type silicon wafer, as 1n the
present embodiment, the width of the drawn carbon nanotube
film approximately ranges from 0.01 centimeters to 10 cen-
timeters, and the thickness of the drawn carbon nanotube film
approximately ranges from 0.5 nanometers to 100 microns.

The drawn carbon nanotube film 1s transparent and has a
transmittance of visible light ranged from about 70% to about
95%. The drawn carbon nanotube film 1s adhesive in nature.
The drawn carbon nanotube film can be attached on the sup-
porting element 116. Various devices can be used as the
supporting element 116 to support the drawn carbon nano-
tube film. The drawn carbon nanotube film 1s flexible and can
be attached on a flexible supporter.

In step (a), at least two drawn carbon nanotube films can be
turther stacked and/or coplanar disposed. The drawn carbon
nanotube film 1s free-standing and can be handled like a piece
paper. Among the stacked and/or coplanar carbon nanotube
films, the carbon nanotubes are aligned along a substantially
same direction. Adjacent carbon nanotube films can be com-
bined by only the van der Waals attractive force therebetween.
The number of the layers of the carbon nanotube films 1s not
limited as long as the carbon nanotube structure 114. How-
ever, as the stacked number of the carbon nanotube films
increasing, the specific surtace area of the carbon nanotube
structure will decrease, and a large enough specific surface
area (e.g., above 30 m*/g) must be maintained to achieve the
thermoacoustic etflect. Stacking the carbon nanotube films
will add to the structural integrity of the carbon nanotube
structure 114. In some embodiments, the carbon nanotube
structure 114 1s a free standing structure and does not require
the use of structural support.

In other embodiments, the carbon nanotube structure 114
includes a carbon nanotube segment film that comprises at
least one carbon nanotube segment. Referring to FIG. 5, the

10

15

20

25

30

35

40

45

50

55

60

65

6

carbon nanotube segment includes a plurality of carbon nano-
tubes arranged along a preferred orientation. The carbon
nanotube segment can be a carbon nanotube segment film that
comprises one carbon nanotube segment. The carbon nano-
tube segment includes a plurality of carbon nanotubes
arranged along a same direction. The carbon nanotubes in the
carbon nanotube segment are substantially parallel to each
other, have an almost equal length and are combined side by
side via van der Waals attractive force therebetween. At least
one carbon nanotube will span the entire length of the carbon
nanotube segment 1n a carbon nanotube segment film. Thus,
one dimension of the carbon nanotube segment 1s only limited
by the length of the carbon nanotubes.

The carbon nanotube structure 114 can further include at
least two stacked and/or coplanar carbon nanotube segments.
Adjacent carbon nanotube segments can be adhered together
by van der Waals attractive force therebetween. An angle
between the aligned directions of the carbon nanotubes in
adjacent two carbon nanotube segments ranges from 0O
degrees to about 90 degrees. A thickness of a single carbon
nanotube segment can range from about 0.5 nanometers to
about 100 micrometers.

In some embodiments, the carbon nanotube segment film
can be produced by growing a strip-shaped carbon nanotube
array, and pushing the strip-shaped carbon nanotube array
down along a direction perpendicular to a length of the strip.
The length of the carbon nanotube segment can range from
about 1 millimeter to about 10 millimeters. The length of the
carbon nanotube film 1s only limited by the length of the strip.
A larger carbon nanotube {ilm also can be formed by having
a plurality of these strips lined up side by side and folding the
carbon nanotubes grown thereon over such that there 1s over-
lap between the carbon nanotubes on adjacent strips.

A method for making the carbon nanotube segment
includes the following steps of: (a21) providing a substrate;
(a22) forming a strip-shaped catalyst film on the substrate;
(a23) growing a strip-shaped carbon nanotube array on the
substrate by using a chemical vapor deposition method; and
(a24) causing the strip-shaped carbon nanotube array to be
pushed down on the substrate along a direction perpendicular
to a length of the strip-shaped catalyst film, thus forming at
least one carbon nanotube segment film.

In step (a21), the substrate 1s a high temperature resistant
substrate. A material of the substrate can be any kind of
material with a melting point higher than the growing tem-
perature ol carbon nanotubes.

In step (a22), the strip-shaped catalyst film 1s used to grow
carbon nanotubes. A material of the strip-shaped catalyst film
can be selected from a group consisting of 1ron, cobalt, nickel
and any combination thereof. The strip-shaped catalyst film
can be formed by a thermal deposition method, an electron
beam deposition method or a sputtering method. The strip-
shaped catalyst film also can be formed by a light eroding
method or a masking method. A length of the strip-shaped
catalyst films 1s not limited. A width of the strip-shaped
catalyst film 1s less than about 20 micrometers. A thickness of
the strip-shaped ranges from about 0.1 nanometers to about
10 nanometers. The length of the strip-shaped catalyst film
can be at least 20 times the width. In the present embodiment,
the width of the strip-shaped catalyst film ranges from about
1 micrometer to about 20 micrometers.

Step (a23) includes the following steps of: (a231) placing
the substrate with the strip-shaped catalyst film thereon into a
chamber; (a232) introducing a protective gas to discharge the
air 1n the chamber; (a233) heating the chamber to 600°
C.-900° C. with the protective gas therein and sustaining the
temperature; and (a234) introducing a gas mixture with a ratio
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of carbon source gas and carrying gas ranging from 1:30 to
1:3 for 5 to 30 minutes to grow the strip-shaped carbon
nanotube array. Step (a23) further includes a step (a235) of
ceasing heating the chamber, and removing the substrate with
the strip-shaped carbon nanotube array thereon once the sub-
strate has cooled to room temperature.

The protective gas can be made up of at least one of nitro-
gen (N, ), ammonia (NH,), and a noble gas. The carbon source
gas can be a hydrocarbon gas, such as ethylene (C,H,), meth-
ane (CH,), acetylene (C,H,), ethane (C,H), or any combi-
nation thereof. The carrying gas can be hydrogen gas.

A tflow of the carbon source gas ranges from about 20 sccm
to about 200 sccm. A flow of the carrying gas ranges from
about 50 sccm to about 600 sccm. The protective gas 1s
continuously introduced until the temperature of the chamber
being room temperature to prevent oxidation of the carbon
nanotubes. In the present embodiment, the protective gas 1s
argon gas, and the carbon source gas 1s acetylene. A tempera-
ture of the chamber for growing strip-shaped carbon nanotube
array 1s 800° C. The gas mixture 1s introduced for 60 minutes.

The properties of the carbon nanotubes 1n the carbon nano-
tube array, such as diameters thereof, and the properties of
carbon nanotube film, such as, transparency and resistance
thereol can be adjusted by regulating the ratio of the carbon
source gas and carrier gas. In the present embodiment, a
single-walled carbon nanotube array can be prepared when
the ratio of the carbon source gas and the carrier gas approxi-
mately ranges from 1:100 to 10:100. A double-walled or
multi-walled carbon nanotube array can be acquired when the
rat10 of the carbon source gas and the carrier gas 1s increased.
The carbon nanotubes in the carbon nanotube array can be
selected from a group consisting of single-walled carbon
nanotubes, double-walled carbon nanotubes or multi-walled
carbon nanotubes.

A height of the carbon nanotube array 1s increased the
longer the imtroduced time of the gas mixture. In the present
embodiment, the height of the carbon nanotube array ranges
from about 1 millimeter to about 10 millimeters. The height
of the carbon nanotube array can range from about 1 mailli-
meter to about 2 millimeters when the gas mixture 1s intro-
duced for about 60 minutes.

Step (a24) can be executed by an organic solvent treating
method, a mechanical force treating method, or an air current
treating method. Step (a24), executed by the organic solvent
treating method, includes the following steps of: supplying a
container with an organic solvent therein; immersing the sub-
strate with the strip-shaped carbon nanotube array thereon
into the organic solvent; and vertically elevating the substrate
from the organic solvent along a direction perpendicular to
the length of the strip-shaped catalyst film and parallel to the
surface of the substrate. The strip-shaped carbon nanotube
array 1s pushed down on the substrate because of the surface
tension of the organic solvent to form the carbon nanotube
segment. The organic solvent can be selected from a group
consisting of ethanol, methanol, acetone, chloroform, and
dichloroethane. In the present embodiment, the organic sol-
vent 1s ethanol.

Step (a24), executed by mechanical force treating method,
includes the following steps of: providing a pressing device;
and pressing the strip-shaped carbon nanotube array along a
direction parallel to a surface of the substrate by the pressing
device and perpendicular to the length of the strip-shaped
catalyst film, the pressed strip-shaped carbon nanotube array
forming the carbon nanotube segment. The pressing device
can be, e.g., a pressure head with a glossy surface. In the
present embodiment, the pressure head 1s a roller-shaped
pressure head.
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Step (a24), executed by the air current treating method,
includes the following steps of: providing an air blowing
device; and applying an air current by the air blowing device
to the carbon nanotube array along a direction parallel to a
surface of the substrate and perpendicular to the length of the
strip-shaped catalyst film. The strip-shaped carbon nanotube
array 1s blown down on the substrate to form the carbon
nanotube segment. The air blowing device can be any device
that can produce a strong air current. In the present embodi-
ment, the air device 1s an electric fan.

Referring to FIG. 6, two or more strip-shaped carbon nano-
tube arrays can be grown from the corresponding strip-shaped
catalyst films of substrate. The strip-shaped catalyst films are
parallel to each other. A distance between the two adjacent
strip-shaped catalyst films ranges from about 10 micrometers
to about 10 millimeters and 1s less than or equal to the height
of the carbon nanotubes that are grown from the strip-shaped
catalyst films. A distance between the parallel strip-shaped
catalyst films 1s related to a height of the strip-shaped carbon
nanotube arrays. The taller the strip-shaped carbon nanotube
arrays, the larger the distance between the strip-shaped cata-
lyst films. Whereas the shorter the strip-shaped carbon nano-
tube arrays, the smaller the distance between the strip-shaped
catalyst films. By pushing the strip-shaped carbon nanotube
arrays down on the substrate, a plurality of carbon nanotube
segments can be overlapped or at least connected with each
other on the substrate.

In some embodiments, the carbon nanotube film can be
produced by a method adopting a “kite-mechanism™ and can
have carbon nanotubes with a length of even above 10 centi-
meters. This 1s considered by some to be ultra-long carbon
nanotubes.

A method for making the carbon nanotube film 1ncludes
the following steps of: (a31) providing a growing substrate
with a catalyst layer located thereon; (a32) placing the grow-
ing substrate adjacent to a recerving substrate in a chamber;
and (a33) heating the chamber to a growth temperature for
carbon nanotubes under a protective gas, itroducing a car-
bon source gas along a gas flow direction, and growing a
plurality of carbon nanotubes on the growing substrate. After
introducing the carbon source gas mto the chamber, the car-
bon nanotubes starts to grow under the effect of the catalyst.
One end (e.g., the root) of the carbon nanotubes 1s fixed on the
growing substrate, and the other end (e.g., the top/free end) of
the carbon nanotubes grow continuously. The growing sub-
strate 1s near an 1nlet of the introduced carbon source gas, the
carbon nanotubes float above the insulating substrate with the
roots of the carbon nanotubes still sticking on the growing
substrate, as the carbon source gas 1s continuously introduced
into the chamber. The length of the carbon nanotubes depends
on the growing conditions. After growth has been stopped, the
carbon nanotubes land on the recerving substrate. The carbon
nanotubes are then separated from the growing substrate.
This can be repeated many times so as to obtain many layers
ol carbon nanotubes on a single receiving substrate.

In other embodiments, the carbon nanotube structure 114
includes one or more carbon nanotube wire structures. The
carbon nanotube wire structure includes at least one carbon
nanotube wire. A heat capacity per unit area of the carbon
nanotube wire structure can be less than 2x10™* J/cm*-K. In
one embodiment, the heat capacity per unit area of the carbon
nanotube wire-like structure is less than 5x107> J/em*-K. The
carbon nanotube wire can be twisted or untwisted. The carbon
nanotube wire structure includes carbon nanotube cables that
comprise of twisted carbon nanotube wires, untwisted carbon
nanotube wires, or combinations thereof. The carbon nano-
tube cable comprises of two or more carbon nanotube wires,
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twisted or untwisted, that are twisted or bundled together. The
carbon nanotube wires in the carbon nanotube wire structure
can be parallel to each other to form a bundle-like structure or
twisted with each other to form a twisted structure.

The untwisted carbon nanotube wire can be formed by
treating the drawn carbon nanotube film with a volatile
organic solvent. Specifically, the drawn carbon nanotube film
1s treated by applying the organic solvent to the drawn carbon
nanotube film to soak the entire surface of the drawn carbon
nanotube film. After being soaked by the organic solvent, the
adjacent parallel carbon nanotubes 1n the drawn carbon nano-
tube film will bundle together, due to the surface tension of the
organic solvent when the organic solvent volatilizes, and thus,
the drawn carbon nanotube film will be shrunk into the
untwisted carbon nanotube wire. Referring to FIG. 7, the
untwisted carbon nanotube wire includes a plurality of carbon
nanotubes substantially oriented along a same direction (e.g.,
a direction along the length of the untwisted carbon nanotube
wire). The carbon nanotubes are substantially parallel to the
axis ol the untwisted carbon nanotube wire. Length of the
untwisted carbon nanotube wire can be set as desired. A
diameter of the untwisted carbon nanotube wire 1s 1n an
approximate range from 0.5 nanometers to 100 micrometers.
In one embodiment, the diameter of the untwisted carbon
nanotube wire 1s about 350 micrometers. Examples of the
untwisted carbon nanotube wire 1s taught by US Patent Appli-
cation Publication US 2007/0166223 to Jiang et al.

The twisted carbon nanotube wire can be formed by twist-
ing a drawn carbon nanotube film by using a mechanical force
to turn the two ends of the drawn carbon nanotube film in
opposite directions. Referring to FIG. 8, the twisted carbon
nanotube wire includes a plurality of carbon nanotubes ori-
ented around an axial direction of the twisted carbon nano-
tube wire. The carbon nanotubes are aligned around the axis
of the carbon nanotube twisted wire like a helix. Length of the
carbon nanotube wire can be set as desired. The diameter of
the twisted carbon nanotube wire can range from about 0.5
nanometers to about 100 micrometers. Further, the twisted
carbon nanotube wire can be treated with a volatile organic
solvent, before or after being twisted. After being soaked by
the organic solvent, the adjacent paralleled carbon nanotubes
in the twisted carbon nanotube wire will bundle together, due
to the surface tension of the organic solvent when the organic
solvent volatilizing. The specific surface area of the twisted
carbon nanotube wire will decrease. The density and strength
ol the twisted carbon nanotube wire will be increased. It 1s
understood that the twisted and untwisted carbon nanotube
cables can be produced by methods that are similar to the
methods of making twisted and untwisted carbon nanotube
WIres.

The carbon nanotube structure 114 can include a plurality
of carbon nanotube wire structures parallel to each other. In
another embodiment, a single carbon nanotube wire structure
can be folded in any desired shape to form the carbon nano-
tube structure 114. Substantially all the carbon nanotubes in
the carbon nanotube structure 114 are aligned along a same
direction.

The carbon nanotube structure 114 can be disposed on a
supporting element 116. Specifically, the carbon nanotube
structure 114 can be adhered on the supporting element 116
by a binder or merely by itself according to 1ts sticky nature.
The substrate 1n step (a21) and the receiving substrate in step
(a32) can be used as the supporting element 116.

A shape of the supporting element 116 1s not limited, and
can be most any two or three dimensional structure, such as a
cube, a cone, or a cylinder. The supporting element 116 can be
made of rigid material such as wood, glass, rigid plastic,
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metal, and ceramic; or flexible material such as paper, textile,
flexible plastic and resin. In one embodiment, the supporting
clement 116 can be made of a material having a relatively low
thermal conductivity. The supporting element 116 with low
thermal conductivity can prevent an over conducting of the
thermal energy emitted from the carbon nanotube structure
114 and then prevent the decreasing of the volume of sound.
In addition, the supporting element 116 can have a relatively
rough surface, thereby the carbon nanotube structure 114 can
have an increased contact area with the surrounding medium.

Once the carbon nanotube structure 114 i1s adhered on
supporting element 116, the carbon nanotube structure 114
can be treated with an organic solvent. Specifically, the car-
bon nanotube structure 114 can be treated by applying
organic solvent to the carbon nanotube structure 114 to soak
the entire surface of the carbon nanotube structure 114. The
organic solvent 1s volatile at room temperature and can be
selected from the group consisting of ethanol, methanol,
acetone, dichloroethane, chloroform, any appropriate mix-
ture thereof.

As shown 1n FIG. 2, the entire carbon nanotube structure
114 can be disposed on a surface of the supporting element
116. The supporting element 116 protects the carbon nano-
tube structure 114 and the power of the input electromagnetic
signal can be relatively lugh. The surface of the supporting
clement 116 can be relatively rough, thus providing a rela-
tively large area of the carbon nanotube structure 114 that
contacts with the environmental gas or liquid. In another
embodiment, the carbon nanotube structure 114 1s free-stand-
ing, and a part of the carbon nanotube structure 114 can be
attached on a framing element, and other part of the carbon
nanotube structure 114 1s suspended. The suspended part of
the carbon nanotube structure 114 has greater contact area
that with the environmental medium. FIG. 9 shows a sche-
matic view of the carbon nanotube structure 114 supported by
a framing element 122. A drawn carbon nanotube film used as
the carbon nanotube structure 114. Edges of the drawing
carbon nanotube film can be attached on the framing element
122 and the central portion of the carbon nanotube structure
114 1s suspended. It 1s also understood that the carbon nano-
tube structure 114 can use both a supporting element 116 and
a framing element 122.

The carbon nanotube structure 114 can be free-standing
and the supporting element 116 1s optional. In one embodi-
ment, the supporting element 116 1s a substrate. The carbon
nanotube structure 114 1s disposed on a surface of the sub-
strate.

In step (b), the electromagnetic signal source 112 can be
spaced from the carbon nanotube structure 114, and provides
the electromagnetic signal 118 to be measured. The carbon
nanotube structure 114 1s in communication with a medium.
The incident angle of the electromagnetic signal 118 ematted
from the electromagnetic signal source 112 on the carbon
nanotube structure 114 1s arbitrary. In one embodiment, the
clectromagnetic signal source 112 faces the surface of the
carbon nanotube structure 114 so that the electromagnetic
signal 118 1s vertically radiated to the carbon nanotube struc-
ture 114. The travel direction of the electromagnetic signal
118 1s normal to the surface of the carbon nanotube structure
114. The distance between the electromagnetic signal source
112 and the carbon nanotube structure 114 1s not limited. In
one embodiment, an optical fiber can be further connected to
the electromagnetic signal source 112 at one end thereof and
transmit the electromagnetic signal 118 to the surface of the
carbon nanotube structure 114.

The electromagnetic signal 118 can be varied in intensity
and/or frequency. More specifically, the intensity and/or fre-
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quency of the electromagnetic signal 118 can be periodically
and quickly changed. In the present embodiment, the electro-
magnetic signal 118 1s a pulsed laser (e.g., a femtosecond
laser).

In step (d), the carbon nanotube structure 114 received the
clectromagnetic signal 118 can produce a sound proportional
to the intensity of the electromagnetic signal 118. Thus, user
can easily measure the intensity of the electromagnetic signal
118, even if the electromagnetic signal 118 1s invisible, by the
volume of the sound that produced by the carbon nanotube
structure 114. The stronger the electromagnetic signal 118,
the stronger the sound produced by the carbon nanotube
structure. The carbon nanotube structure 114 absorbs the
clectromagnetic signal 118 and converts the electromagnetic
energy 1nto heat energy. The heat capacity per unit area of the
carbon nanotube structure 114 1s extremely low, and thus, the
temperature of the carbon nanotube structure 114 can change
rapidly with the input electromagnetic signal 118 at the same
frequency. Thermal waves, which are propagated into sur-
rounding medium, are obtained. Therefore, the surrounding
medium such as air can be heated at a frequency equal that of
the mput electromagnetic signal 118. The thermal waves pro-
duce pressure waves 1n the surrounding medium, resulting 1n
sound wave generation. More specifically, the thermal expan-
s1ion and contraction of the environmental medium results 1n
the production of sound. In this process, it 1s the thermal
expansion and contraction of the medium 1n the vicinity of the
carbon nanotube structure 114 that produces sound. The
operation principle of the electromagnetic signal measuring
device 1s an “optical-thermal-sound” conversion. The carbon
nanotubes have almost uniform absorption ability over the
entire electromagnetic spectrum including radio, microwave
through far infrared, near infrared, wvisible, ultraviolet,
X-rays, gamma rays, high energy gamma rays and so on.
Thus, the frequency of the electromagnetic signal 118 1s not
limited. In one embodiment, the electromagnetic signal 118 1s
a light signal. The frequency of the light signal can be 1n the
range from far infrared to ultraviolet.

The average power intensity of the electromagnetic signal
118 can be in the range from 1 pW/mm=*~20 W/mm?~. It is to
be understood that the average power intensity of the electro-
magnetic signal 118 cannot be too low to heat the environ-
mental medium, and cannot be too high to destroy the carbon
nanotube structure 114. In the present embodiment, the elec-
tromagnetic signal source 112 1s a pulse laser generator (e.g.,
an 1nfrared laser diode). In other embodiment, a focusing
clement can be further provided to focus the electromagnetic
signal 118 on the carbon nanotube structure 114. Thus, the
average power intensity of the original electromagnetic signal
118 can be relatively low.

The intensity of the sound waves generated by the carbon
nanotube structure 114, according to one embodiment, can be
greater than 50 dB SPL at a distance of 5 cm from the carbon
nanotube structure 114. The frequency response range of one
embodiment of the carbon nanotube structure 114 can be
from about 1 Hz to about 100 KHz with power inputof 4.5 W.
In one embodiment, the sound wave level generated by the
present carbon nanotube structure 114 reaches up to 70 dB.

The electromagnetic signal 118 can also be polarized, and
user can not just measure the intensity of the electromagnetic
signal 118 by adopting steps (a), (b) and (d), but also deter-
mine the polarizing direction of the electromagnetic signal
118 by adopting an additional step (¢). The additional step (c)
of rotating the carbon nanotube structure 114 can be further
provided to determine the polarizing direction of the electro-
magnetic signal 118. In step (c¢), the carbon nanotube struc-
ture 114 1s rotated 1n plane. More specifically, the carbon
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nanotube structure 114 can be disposed on a turntable that 1s
capable of rotating 360 degrees. The rotating degree of the
carbon nanotube structure 114 can be at least 90 degrees. To
determine the polarizing direction of the electromagnetic sig-
nal 118, 1in the carbon nanotube structure 114, the carbon
nanotubes are parallel to a surface of the carbon nanotube
structure 114 that receives the electromagnetic signal 118,
and the carbon nanotubes are aligned substantially along a
same direction, and thus, the electromagnetic signal 118 1s
selectively absorbed by the carbon nanotube structure 114.
The carbon nanotube structure 114 can include the drawn
carbon nanotube film, or a plurality of drawn carbon nanotube
films aligned along a same direction. The carbon nanotube
structure 114 can include the carbon nanotube segment film.
The carbon nanotube structure 114 can include one carbon
nanotube wire structures, or a plurality of carbon nanotube
wire structures and carbon nanotube films that aligned along
a same direction.

The oscillations of the electromagnetic signal 118 are 1n
the plane perpendicular to the signal’s direction of travel. The
clectromagnetic signal 118’s travel direction can be normal to
the surface of the carbon nanotube structure 114. The oscil-
lation (or oscillation vector) of the electromagnetic signal 118
with direction parallel to the orientation of the carbon nano-
tubes 1n the carbon nanotube structure 114 1s absorbed by the
carbon nanotube structure 114. The oscillation (or oscillation
vector) of the electromagnetic signal 118 perpendicular to the
orientation of the carbon nanotubes in the carbon nanotube
structure 114 passes through the carbon nanotube structure
114. Thus, due to the carbon nanotubes 1n the carbon nano-
tube structure 114 are substantially aligned along the same
direction, when the polarizing direction of the electromag-
netic signal 118 1s parallel to the onentation of the carbon
nanotubes, the electromagnetic signal 118 1s most absorbed
by the carbon nanotube structure 114, and thus, the sound
produced by the carbon nanotube structure 114 reaches the
strongest. When the polarizing direction of electromagnetic
signal 118 1s perpendicular to the orientation of the carbon
nanotubes, the electromagnetic signal 118 can pass through
the carbon nanotube structure 114, and thus, the sound pro-
duced by the carbon nanotube structure 114 reaches the
weakest. During rotating of the carbon nanotube structure
114, sound volume changes. In some embodiments, the car-
bon nanotube structure 114 1s rotated circle after circle, the
angle between the orientation of the carbon nanotubes and the
polarizing direction of the electromagnetic signal 118 1s peri-
odically changed, and a sound with periodical changes 1n
volume can be heard directly by human’s ears. The aligned
direction of the carbon nanotubes in the carbon nanotube
structure 114 1s known. Thus, user can determine the polar-
1zing direction as parallel to the aligned direction of the car-
bon nanotubes when the strongest sound being produced, and
determine the polarizing direction as perpendicular to the
aligned direction of the carbon nanotubes when the weakest
sound being produced. The polarizing direction 1s parallel to
the aligned direction of the carbon nanotubes when the stron-
gest sound being produced, and i1s perpendicular to the
aligned direction of the carbon nanotubes when the weakest
sound being produced. Accordingly, by rotating the carbon
nanotube structure 114 and listening to the sound produced
by the carbon nanotube structure 114, the polarizing direction
of the electromagnetic signal 118 can be determined.

Further, referring to FI1G. 10, to quantitatively measure the
polarizing direction and the intensity of the electromagnetic
signal 118, the electromagnetic signal measuring device 120
can further include a signal measuring device. The signal
measuring device can quantitatively measure the intensity of
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the sound waves. In one embodiment, the signal measuring
device 1includes a sound-electro converting device 130
located near the carbon nanotube structure 114, and a voltage
measuring device 140 connected to the sound-electro con-
verting device 130.

The sound-electro converting device 130 1s capable of
outputting an electrical signal having the same frequency
according to a sound signal. The electrical signal 1s transmiut-
ted to the voltage measuring device 140. The sound-electro
converting device 130 can be a microphone or a pressure
sensor, and has a high sensitivity. In the present embodiment,
the sound-electro converting device 130 1s a microphone. The
voltage measuring device 140 1s capable of measuring the
voltage of the electrical signal from the sound-electro con-
verting device 130. In the present embodiment, the voltage
measuring device 140 1s an oscilloscope or a voltmeter.

By comparing the voltage of the electrical signal with a
voltage of a standard electrical signal, the intensity of the
clectromagnetic signal 118 can be measured. The standard
clectric signal 1s produced by the sound-electro converting
device 130 from the sound produced by a standard electro-
magnetic signal 118 with a known intensity. More specifi-
cally, the standard electromagnetic signal 118 with the known
intensity 1s transmitted to the carbon nanotube structure 114,
the sound produced by the carbon nanotube structure 114 1s
converted to the standard electrical signal by the sound-elec-
tro converting device 130, and the voltage (standard voltage)
of the standard electrical signal 1s measured by the voltage
measuring device 140. This 1s a form of calibration.

In other embodiment, the signal measuring device can
include the sound-electro converting device 130 located near
the carbon nanotube structure 114, and a current measuring,
device connected to the sound-electro converting device 130.
The current measuring device 1s capable of measuring the
current of the electrical signal. In the one embodiment, the
current measuring device 1s a galvanometer.

A method for quantitatively measuring intensity and polar-
1izing direction of an electromagnetic signal can further
includes steps of: (e) positioning a sound-electro converting
device 130 near the carbon nanotube structure 114 and con-
necting the sound-electro converting device 130 to a voltage
measuring device 140; and (1) comparing the voltage of the
clectrical signal produced by the sound-electro converting
device 130 with a voltage of a standard electrical signal, and
thereby measuring the intensity of the electromagnetic signal
118.

Referring to FIGS. 11 to 13, the relationship among the
sound pressure produced by the carbon nanotube structure
114, the aligned direction of the carbon nanotubes in the
carbon nanotube structure 114, and the intensity of the elec-
tromagnetic signal 118 1s quantitatively measured according,
to one embodiment. The carbon nanotube structure 114 1s a
drawn carbon nanotube film. The electromagnetic signal 118
1s a femtosecond laser. The sound pressure-time curve 1s
shown 1n FIG. 11. In FIG. 12, the X axis represents an angle
between the aligned direction of the carbon nanotubes 1n the
drawn carbon nanotube film and the polarizing direction of
the laser. In FIG. 12, when the angle 1s O+kt (k=0, 1,2 ... )
(the aligned direction of the carbon nanotubes in the drawn
carbon nanotube {ilm 1s parallel to the polarizing direction of
the laser), the sound pressure 1s highest. When the angle 1s
w/2+km (k=0, 1, 2 . . . ) (the aligned direction of the carbon
nanotubes in the drawn carbon nanotube film 1s perpendicular
to the polarizing direction of the laser), the sound pressure 1s
lowest. In FIG. 13, the X-axi1s represents the intensity of the
laser. The higher the intensity of the laser, the higher the
sound pressure.
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The method for measuring the electromagnetic signals 1s
simple. The polarizing direction of the electromagnetic signal
118 can be simply measured by rotating the carbon nanotube
structure 114 and listening to the sound changes produced by
the carbon nanotube structure 114. In certain instances and
for a fairly accurate estimate, the user need not use any addi-
tional equipment to determine the polarization of the light or
other imvisible electromagnetic signals. The intensity of the
clectromagnetic signal 118 can be simply measured by lis-
tening to the sound produced by the carbon nanotube struc-
ture 114. The structure of the electromagnetic signal measur-
ing device 120 1s simple and has a low cost. The carbon
nanotube structure 114 has a uniform absorbability of the
clectromagnetic signal 118 having different wavelength.
Thus, the electromagnetic signal measuring device 120 can
be used to measuring various electromagnetic signals 118
having different wavelength.

It 1s to be understood that the above-described embodi-
ments are intended to 1llustrate rather than limit the invention.
Variations may be made to the embodiments without depart-
ing {rom the spirit of the imvention as claimed. The above-
described embodiments illustrate the scope of the invention
but do not restrict the scope of the mvention.

It 1s also to be understood that above description and the
claims drawn to a method may include some 1ndication 1n
reference to certain steps. However, the indication used 1s
only to be viewed for identification purposes and not as a
suggestion as to an order for the steps.

What 1s claimed 1s:

1. An electromagnetic signal measuring device, the elec-
tromagnetic signal measuring device comprising:

a carbon nanotube structure,

a sound-electro converting device located near the carbon

nanotube structure; and

a measuring device, connected to the sound-electro con-

verting device, configured to measure a signal output
from the sound-electro converting device.

2. The electromagnetic signal measuring device of claim 1,
wherein a volume of the sound 1s proportional to an intensity
of the electromagnetic signal.

3. The electromagnetic signal measuring device of claim 1,
turther comprising a medium in contact with the carbon nano-
tube structure.

4. The electromagnetic signal measuring device of claim 1,
wherein the carbon nanotube structure comprises a plurality
of carbon nanotubes aligned approximately along a same
direction and parallel to a surface of the carbon nanotube
structure.

5. The electromagnetic signal measuring device of claim 4,
wherein a polarization of the electromagnetic signal 1s deter-
mined by a volume of the sound produced while the carbon
nanotube structure is rotated.

6. The electromagnetic signal measuring device of claim 1,
wherein a heat capacity per unmit area of the carbon nanotube
structure is less than 2x10~* J/cm* K.

7. The electromagnetic signal measuring device of claim 1,
wherein a specific surface area of the carbon nanotube struc-
ture is above 30 m?/g.

8. The electromagnetic signal measuring device of claim 1,
wherein the carbon nanotube structure 1s free-standing.

9. The electromagnetic signal measuring device of claim 1,
wherein a thickness of the carbon nanotube structure ranges
from about 0.5 nanometers to about 1 millimeter.

10. The electromagnetic signal measuring device of claim
1, wherein the carbon nanotube structure 1s a carbon nanotube
film with a specific surface area greater than 100 m*/g.
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11. The electromagnetic signal measuring device of claim
1, wherein the carbon nanotube structure 1s a carbon nanotube
f1lm comprising a plurality of successive and oriented carbon
nanotubes joined end-to-end by van der Waals attractive force
therebetween.

12. The electromagnetic signal measuring device of claim
1, wherein the carbon nanotube structure 1s a carbon nanotube
wire structure comprising a plurality of successive and ori-
ented carbon nanotubes joined end-to-end by van der Waals
attractive force therebetween.

13. The electromagnetic signal measuring device of claim
1, further comprising a supporting element, wherein at least a
portion of the carbon nanotube structure 1s supported by the
supporting element.

14. The electromagnetic signal measuring device of claim
1, further comprising a framing element, wherein a part of the
carbon nanotube structure 1s attached to the framing element,
and part of the carbon nanotube structure 1s suspended.

15. The electromagnetic signal measuring device of claim

1, wherein the sound-electro converting device 1s a micro-
phone or a pressure sensor.
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16. An clectromagnetic signal measuring device, the elec-
tromagnetic signal measuring device comprising;

a carbon nanotube structure, wherein a heat capacity per
unit area of the carbon nanotube structure is less than
2x107* J/em*-K.

17. The electromagnetic signal measuring device of claim
16, wherein a specific surface area of the carbon nanotube
structure is above 30 m*/g.

18. The electromagnetic signal measuring device of claim
16, wherein the carbon nanotube structure comprises a plu-
rality of carbon nanotubes approximately aligned along a
same direction and parallel to a surface of the carbon nano-
tube structure.

19. The electromagnetic signal measuring device of claim
18, wherein the carbon nanotube structure 1s free-standing.

20. The electromagnetic signal measuring device of claim
18, wherein the carbon nanotube structure 1s a carbon nano-
tube film comprising a plurality of successive and oriented
carbon nanotubes joined end-to-end by van der Waals attrac-

20 tive force therebetween.
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